Antimicrobial resistance (AMR) in drinking water has received less attention than 23 counterparts in the urban water cycle. While culture-based techniques or gene-centric 24 PCR have been used to probe the impact of treatment approaches (e.g., disinfection) on 25 AMR in drinking water, to our knowledge there is no systematic comparison of AMR 26 traits between disinfected and disinfectant residual-free drinking water systems. We use 27 metagenomics to assess the associations between disinfectant residuals and AMR 28 prevalence and its host association in full-scale drinking water distribution systems 29 (DWDSs). The differences in AMR profiles between DWDSs are associated with the 30 presence or absence of disinfectant. Further, AMR genes and mechanisms enriched in 31 disinfected systems are associated with drug classes primarily linked to nontuberculous 32 mycobacteria (NTM). Finally, evaluation of metagenome assembled genomes (MAGs) 33 of NTM indicates that they possess AMR genes conferring intrinsic resistance to key 34 antibiotics, whereas such NTM genomes were not detected in disinfectant residual free 35
INTRODUCTION
4 abundance of ARGs after chlorination with subsequent decrease at the tap 20 . Xu et al. 74 showed that a terminal chlorination step in advanced ozone-biological activated carbon 75 treatment enhanced ARG concentrations 21 . Others have argued that the change in 76 resistance profiles are likely driven by changes in bacterial community composition 77 during drinking water treatment rather than selection for the resistance traits 78 themselves 22 . 79 80 One of the key challenges with contextualizing the importance of ARGs in DWS has 81 been the inability to resolve host-association of detected ARGs. The presence of ARGs 82 in pathogenic microorganisms or mobile genetic elements can present higher exposure 83 risk, as compared to their presence in non-pathogenic and/or innocuous microbes 23, 24 . 84
Although qPCR is the gold standard for ARG detection and quantitation, it requires a 85 priori knowledge of the types of ARGs that need to be quantified and it is unable to 86 determine ARG host association. In contrast, high throughput sequencing (HTS) (e.g., 87 metagenomics) can be used to identify a broader range of ARGs and draw insights 88 about the functionality of detected ARGs and their host association. Multiple studies 89 have shown high concordance between these two techniques, and show that 90 metagenomic methods can indeed be useful for relative quantitation [25] [26] [27] [28] [29] . However, 91 there are key caveats associated with the use of metagenomic data. Cost of sequencing 92 can be significantly higher than targeted qPCR with the trade-off being the ability to 93 capture larger number of genes. While qPCR can detect target genes at extremely low 94 levels, metagenomics is limited to detecting medium-to-high abundance genes with 95 detection of rare traits requiring extremely deep sequencing effort 30 . Further, 96 metagenomic based ARG identification is impacted by the use of arbitrary thresholds 97 for functional annotation 31-34 , requiring additional curation efforts to ensure the trait 98 assignment is robust. 99 6 by incubation at 56°C for 20 min. Subsequently, 500 µl of chloroform:isoamyl alcohol 142 (24:1, pH 8.0) was added to the tube and the tube was vortexed, followed by bead 143 beating for 40 s at 6 m/s using a FastPrep 24 instrument (MP Biomedicals, USA), and 144 centrifugation at 14,000g for 10 min. The aqueous phase of the supernatant was 145 transferred to a 2 ml centrifuge tube and two more bead beating steps were performed 146 by replacing the aqueous phase with fresh lysing buffer (75 µl and 50 µl, respectively) 147 prior to each bead beating step and followed by centrifugation at 14,000g for 10 min. 148 Subsequent DNA purification from the aqueous phase was carried out by Maxwell LEV 149 DNA kit. The extracted DNA was quantified using a Qubit HS dsDNA kit (Q32854, 150 Life Technologies, UK) with a Qubit 2.0 Fluorometer (Life Technologies, UK). 151
Negative controls consisting of reagent blanks (no input material) and filter blanks 152 (filter membranes from unused Sterivex filters) were processed identically as the 153 samples for DNA extraction (n=8). 154 155 Libraries were prepared using the Nextera XT DNA Sample Preparation Kit (FC-131-156 1096, Illumina Inc.) according to the manufacturer's protocol. DNA extracts from the 157 reagent and filter blanks were spiked with genomic DNA from an even and an uneven 158 mock community consisting of genomic DNA from 10 organisms (Table S2) Metagenomic data processing. Quality filtering was performed at the CGR on the raw 172 FASTQ files by trimming reads to remove Illumina adapter sequences using Cutadapt 36 173 version 1.2.1. The option -O 3 was used, so the 3' end of any reads which match the 174 adapter sequence for 3 bp or more were trimmed. The reads were further trimmed using were interleaved and co-assembled for each drinking water system using MetaSpades 38 177 v3.10.1, for a total of 11 co-assemblies (6 Dis and 5 NonDis). The resulting scaffolds 178 were filtered by size selection, and only scaffolds 500 bp or longer were used for 179 downstream analyses. Coverage information was obtained by mapping trimmed reads 180 from each sample against scaffolds with bwa-mem 39 v0.7.12and followed by using 181 genomecov from bedtools 40 . Furthermore, contaminant analyses were incorporated into 182 the processing workflow as described by Dai et al. (in preparation) . Briefly, a scaffold 183 was considered present in a sample if it was not detected in the negative controls or if 184 its relative abundance in sample was greater than the control and coverage across the 185 length of scaffold in the sample was more uniform than in the negative control. A 186 detailed explanation of this approach is provided in Supplementary text 1. Using this 187 approach, each scaffold was labelled as a "true" scaffold (i.e., present in the sample) or 188 a "contaminant" scaffold. Open reading frames (ORFs) were identified using prodigal 41 Specifically, the predicted ORFs were aligned to the CARD and then the CARD was 201 aligned against the ORFs in amino acid space with a minimum query coverage of 70% 202 (i.e., 70% of the ORF length was aligned to the CARD reference sequence and 203 subsequently 70% of the CARD reference sequence was aligned against the ORF 204 sequence) using DIAMOND. This was followed by manual curation of sample vs 205 CARD and CARD vs sample alignments to assign AROs to ORFs that demonstrated 206 best match to the CARD reference sequence and consistent annotation using both 207 alignment approaches. Following this curation, ARO tables were generated for three 208 amino acid percent identity thresholds (i.e. 30%, 50%, and 70%) consisting of the rpoB 209 normalized coverage of scaffolds identified as containing an ARO at each percent 210 identity threshold. The three percent identity thresholds are referred to as "loose" 211 (30%), "medium" (50%), and "stringent" (70%) sequence similarity thresholds. This 212 approach was taken because some proteins can provide functional resistance to 213 antibiotics even at low percent identity thresholds to known ARGs 31 . Indexing files 214 from the CARD were used to categorize results by target drug class and mechanism of 215 resistance, and any ARO annotated whose name string contained "mutant" was 216 removed from the analysis to avoid inclusion of resistance conferred by mutations. contained AROs but did not show significant similarity to the genomes in pathogen 229 database (90% identity and 90% query coverage) were further analyzed on read basis. 230
Specifically, reads mapping to these scaffolds were extracted from corresponding BAM 231 files and these reads were aligned against the pathogen reference database using 232
BLASTn with sequence similarity threshold of minimum 95% identity and 95% query 233 coverage. Finally, we also analyzed the ARO containing scaffolds to determine if they 234 were associated with mobile genetic elements by determining if they were likely 235 plasmid or viral scaffolds. To do this, the scaffolds were aligned against a local database 236 consisting of plasmid sequences or viral sequences obtained from NCBI (RefSeq 237 Version 86) with an identity and query coverage threshold of 97% and 70%, 238 respectively. Further, the scaffolds containing AROs were analyzed for viral origin by 239
(1) aligning against the IMG/VR database 45 using BLAST with an identity and query 240 coverage threshold of 97% and 70%, respectively, (2) using the k-mer based approach 241 of VirFinder 46 with default settings, and (3) using the IMG/VR protocol for viral 242 detection using the virus discovery pipeline as outlined previously 47 . 243
Resulting bins were refined using RefineM 50 and then manually curated in anvi'o and 246 de-duplicated by dRep 51 . The quality of all refined bins was then assessed by 247 CheckM 52 . Taxonomic assignment was performed based on GTDB-Tk 53 v0.1.3. The 248 web-based Resistance Gene Identifier (RGI) tool of the CARD was used to confirm 249 that select bins carried identified ARGs. DNA sequences were queried to recover 250 perfect or strict hits only (according to the CARD nomenclature) and the high 251 quality/coverage option was selected. Phylogenomic trees were generated in anvi'o by 252 first using the program 'anvi-get-sequences-for-hmm-hits' to recover individually-253 aligned and concatenated 48 single-copy ribosomal protein genes 54 from five 254 mycobacterial MAGs from this study and 35 complete mycobacterial reference 255 genomes downloaded from NCBI (Table S3 ), and then using the program 'anvi-gen-256 phylogenomic-tree' that infers evolutionary associations between genomes using 257 
RESULTS AND DISCUSSION 272
To investigate the prevalence of antibiotic resistance genes (ARGs) as a function of 273 disinfection strategy (i.e., disinfectant residual present (Dis) vs disinfectant residual 274 free (NonDis)) we generated 11 shotgun metagenomes from 39 samples that contained 275 on average 7.39x10 6 paired-end reads per sample after quality control (Supplementary  276   Table S4 ) and an average metagenome assembly size of 434.4 Mbp. Further, gene 277 annotations were inspected at different amino acid percent identity thresholds 278 categorized as "loose" (percent identity ≥ 30%), "medium" (percent identity ≥ 50%), 279 and "stringent" (percent identity ≥ 70%) to evaluate protein similarity and provide a 280 comprehensive exploration of detected antimicrobial resistance (AMR) traits 58 NonDis systems had a frequency of detection greater or equal to 50% ( Figure 2B) . 324
Among the exclusive AROs, only two and six AROs exhibited detection frequency of 325 50% or greater for the Dis and NonDis samples, respectively. These exclusive and 326 both Dis and NonDis samples were diverse and even, and showed no significant 343 differences between them ( Figure 3A) . For instance, while the mean observed AROs 344 were 120 and 160 for the Dis and NonDis samples; the higher mean observed in NonDis 345 difference can be attributed to greater sequencing depth and higher number of scaffolds 347 post-assembly, and thus higher likelihood of capturing more AROs. To incorporate 348 normalized abundances (i.e., rpoB normalized coverage) of the AROs, Simpson and 349 Shannon diversity indexes were calculated converging on the same conclusion. suggests that while the presence/absence of disinfectant residual is a significant factor, 368 the combined effect of water chemistry is also critically important. In contrast to 369 PERMANOVA, post-hoc SIMPER analysis indicated that the overall dissimilarity 370 explained by presence/absence of disinfectant residuals was 54%. The AROs driving 371 these differences were primarily efflux associated genes including arlR, sav1866, mtrA, disinfection, whereas microbial abundance remained stable in samples from WWTPs 417 using peracetic acid and UV disinfection, respectively 65 . 418 419 Target replacement mechanism is more prevalent in NonDis samples at "stringent" 420 sequence similarity threshold. Specifically, genes associated with target replacement 421 constituted 5.0% and 6.5% of the AROs in the Dis and NonDis samples, respectively, 422 at the "loose" sequence similarity threshold, while this changed to 1.1% and 20.0% of 423 the AROs found in the Dis and NonDis samples, respectively, at the "stringent" 424 sequence similarity threshold. The majority of genes associated with this mechanism 425 are dfr and sul genes which are both related to folic metabolism and are widespread in 426 the environment, being predominantly located on plasmids or transposons 66 . It has been 427 observed that the inactivation of ARGs such as sul1 from municipal wastewater is most 428 effective with chlorination, followed by UV and ozonation 67 which could explain the 429 infrequency of detection of these genes in Dis systems. Finally, genes associated with 430 reduced permeability mechanism were only observed under the "loose" sequence 431 similarity threshold for the NonDis samples and only constituted 0.21% of all detected 432
AROs. 433 434
While AROs corresponding to each mechanism were present in both, Dis and NonDis 435 sample types, the differential abundance of the mechanisms between the two groups 436 depended on the sequence similarity threshold used for identifying an ARO. 437
Specifically, for all "loose" sequence similarity threshold, all mechanisms were 438 significantly different (p<0.01) between Dis and NonDis samples ( Figure 4C ), while at 439 the "stringent" sequence similarity threshold these differences were statistically 440 significant only for target protection mechanism (p <0.0001) ( Figure 4D Figure 4A, 4B) . AROs related to beta-lactams (n=78) and aminoglycosides main mechanism of resistance ( Figure 5A, 5B) . This is perhaps due to the fact that the 451 CARD has a relatively high contribution of beta-lactam and aminoglycoside resistance 452 sequences in the database 31 , thus they're more likely to be identified. However, the 453 distribution of annotated drug classes and mechanisms from Dis and NonDis systems 454 in our dataset ( Figure 4A, 4B were part of efflux complexes (e.g. mdt, mux). At "stringent" sequence similarity 479 threshold, this drug class was only present in NonDis systems, however at "medium" 480 sequence similarity threshold, this drug class is present in both systems. Taxonomic 481 annotation of scaffolds containing AROs associated with this aminocoumarin 482 resistance indicated that majority of them (17 out of 21) originate from Streptomyces 483 spp. in NonDis systems 484 485 AROs associated with isoniazid, fluoroquinolones, fosfomycin, and rifamycin were 486 significantly more abundant in Dis as compared to NonDis samples (p<0.0001) ( Figure  487   5C ). Isoniazid is a prodrug that inhibits cell wall synthesis (i.e. mycolic acids) in 488
Mycobacterium spp. It is often used in combination with rifampicin (i.e., rifamycin 489 derivative) to potentiate bactericidal effects. Resistance traits associated with isoniazid 490 resistance were exclusive to Dis systems at both "stringent" and "medium" sequence 491 similarity threshold and mapped back to a single resistance gene efpA, which is an 492 efflux pump found in mycobacterial species 70 . Fluoroquinolones interfere with DNA 493 replication and transcription as their primary antimicrobial activity mechanisms. They 494 are synthetic quinolone antibiotics (whose precursor is nalidixic acid) that are effective 495 against Gram-positive and Gram-negative bacteria, generally targeting topoisomerase 496 IV and DNA gyrase, respectively 71 . In this study, mechanisms that mediate resistance 497 to this drug were primarily associated with efflux and target protection, with emr, pat, 498 and qep, and qnr genes as examples, respectively. AROs related to fluoroquinolones 499 were not present in NonDis samples, but were observed in 48% of the samples for Dis 500 samples at "stringent" sequence similarity threshold. These AROs were, however, 501 present in Dis and NonDis samples at "medium" (Dis: 91% of samples; NonDis: 83% 502 of samples) and "loose" (Dis: 100% of samples; NonDis: 100% of samples) sequence 503 similarity threshold ( Figure 5A, 5B ). Fosfomycin is a broad-spectrum bactericidal drug 504 that inhibits bacterial cell wall biogenesis by inactivating the enzyme UDP-N 505 acetylglucosamine-3-enolpyruvyltransferase, also known as MurA 72 , with 506
Streptomyces spp. being the known producers of this antibiotic. Our dataset contains 507 diverse Fos resistance genes that mediate resistance through antibiotic inactivation, and 508 murA genes that provide intrinsic resistance through target alteration. Resistance to this 509 drug class was unique to Dis systems at "stringent" sequence similarity threshold. 510
Rifamycin's mode of action involved inhibition of RNA synthesis and this drug can be 511 biosynthesized by Amycolaptosis spp. via a rif cluster. This drug class is particularly 512 effective against Mycobacterium spp. and some Mycobacterium spp., and are known to 513 have mutations that confer resistance to rifampicin (a rifamycin derivative). In our 514 study, efr and arr antibiotic resistance genes that mediate resistance via efflux and 515 inactivation mechanisms to rifamycin, respectively, were exclusive to Dis systems at 516 "stringent" sequence similarity threshold. Resistance drug classes that were statistically 517 different between Dis and NonDis systems at the "stringent" sequence similarity 518 threshold were overwhelmingly associated with antibiotics used for mycobacterial 519 infections and more so nearly exclusive to Dis systems. For example, isoniazid is 520 exclusively used for treatment of mycobacterial infections, fluoroquinolone's precursor 521 nalidixic acid is used as supplement to media supporting mycobacterial growth, 522 fosfomycin resistance murA gene confers intrinsic resistance to Mycobacterium spp., the CARD was consistently in the "loose" sequence similarity threshold and we 534 describe the results obtained within this context. While our sampling protocol did not 535 address viral recovery, our results suggest that particle (size ≥0.22 µm) and host-536 associated mobile genetic elements (i.e., viruses and plasmids) do not contribute 537 significantly to AMR traits in drinking water systems. A BLAST alignment of all 538 scaffolds containing AROs (Dis=5,445 NonDis= 9,719) was performed against a local 539 database of bacterial genomes (see Methods section). The alignment of these "loose" 540 sequence similarity threshold scaffolds resulted in only 265 matches at 90% identity 541 and 90% query coverage criteria. Of these, 263 scaffolds were from Dis systems and 542 matched with sequences belonging to the genera Mycobacterium (n=254), web-based BLAST alignment was consistent with the BLAST results against the local 547 database. 548 549 550 551
The majority of the scaffolds with loose identity threshold AROs (n=14,899) did not 552 match any of the reference genomes at the aforementioned criteria. To further inspect 553 the taxonomic identity of these scaffolds, we extracted reads mapping to these scaffolds 554 (n=134,955,066, Dis=117,798,239 and NonDis = 17,156,827) and aligned them against 555 the reference pathogen genome database using stringent criteria of 95% sequence 556 similarity with a 95% query coverage using BLAST. Approximately 1.5% of the 557 extracted reads mapped to the reference genomes with a majority of these associated 558 with scaffolds from Dis systems (n=2,050,992) as compared to the NonDis systems 559 (n=10,484). A total of 88.3% of the reads extracted from scaffolds containing AROs 560 from Dis systems mapped to mycobacterial genomes in the reference database. 561
However, these reads constituted 0.72% of all reads from Dis systems. In contrast, 562 84.7% of the reads extracted from ARO containing scaffolds from NonDis systems 563 mapped to Pseudomonas genomes, which constituted 0.004% of all reads from NonDis 564 systems ( Figure 6B ). This suggests that the ARO association with known genomes in 565 potential pathogenic genera was significantly lower in NonDis systems compared to 566 Dis systems, with mycobacteria being the primary host of antibiotic resistance traits in 567 systems, this does not equate to higher quantitative exposures as the typical absolute 569 abundance (i.e., concentration) of microbes in Dis systems is two to three orders of 570 magnitude lower than that in NonDis systems. Nevertheless, the results agree to some 571 extent with previous findings that suggest low sequence similarity between hsp65 genes 572 found in NonDis systems in the Netherlands and hsp65 from opportunistic 573 mycobacteria 73 Although Bins 9 and 10 were distantly related from most mycobacterial reference 593 genomes, they were closely associated with mycobacterial isolates from hydrocarbon 594 conferring rifamycin resistance. The enrichment of mycobacterial MAGs with AMR 602 traits in Dis systems can be attributed to several factors. For instance, mycobacteria are 603 known to harbour intrinsic antibiotic resistance 76 and their colonization, survival, and 604 persistence in DWDS and their resistance to disinfectants at low nutrient concentrations 605 has been well documented 77-79 . Further, intracellular colonization of mycobacteria in 606 protozoa may allow for survival and proliferation of these genera 80 water from drinking water distribution systems (DWDS) with and without disinfectant 619 residual, Dis and NonDis, respectively. We observed that presence/absence of 620 disinfectant plays a significant role in AMR trait prevalence, composition, and 621 abundance. Although both systems have a diverse and uneven AMR trait distribution, 622 they were more abundant in Dis systems compared to NonDis systems. ARO drug 623 classes that are significantly different between Dis and NonDis systems are associated 624 with scaffolds classified as mycobacteria that were detected exclusively in Dis systems. 625
The overall findings of our study indicate that AMR harboring NTM are systematically 626 enriched in Dis systems. An important direction for future research on is coupling qPCR 627 of ARGs in DWDS with functional metagenomics to determine absolute concentrations 628 of ARGs and assess if the associated hosts are active and AMR traits are functional. 629
This information will be vital to translate our characterization of the AMR traits in 630 drinking water systems to quantitative microbiological risk assessment. 631
